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In Brief
Yang et al. found that immature interneuron transplantation into the amygdala rejuvenates the mature circuits by offering an expanded capacity of plasticity and produces a marked reduction in spontaneous recovery and renewal of fear memory.
SUMMARY
Transplantation of embryonic g-aminobutyric acid (GABA)ergic neurons has been shown to modify disease phenotypes in rodent models of neurologic and psychiatric disorders. However, whether transplanted interneurons modulate fear memory remains largely unclear. Here, we report that transplantation of embryonic interneurons into the amygdala does not alter host fear memory formation. Yet approximately 2 weeks after transplantation, but not earlier or later, extinction training produces a marked reduction in spontaneous recovery and renewal of fear response. Further analyses reveal that transplanted interneurons robustly form functional synapses with neurons of the host amygdala and exhibit similar developmental maturation in electrophysiological properties as native amygdala interneurons. Importantly, transplanted immature interneurons reduce the expression of perineuronal nets, promote long-term synaptic plasticity, and modulate both excitatory and inhibitory synaptic transmissions of the host circuits. Our findings demonstrate that transplanted immature interneurons modify amygdala circuitry and suggest a previously unknown strategy for the prevention of extinction-resistant pathological fear.
INTRODUCTION
The overgeneralization of fear and the inability to extinguish fear memories induce fear-related disorders, such as post-traumatic stress disorder (PTSD). Current treatments for PTSD include cognitive behavioral therapy, pharmacological approaches, or a combination of the two (Ganasen et al., 2010) . Although clinical evidence indicates a good success rate for these approaches, a large subset of patients with severe disorders either do not respond to these treatments or relapse after the initial effective treatment (Pollack et al., 2008) , which stresses the need for new therapeutic strategies and/or agents to treat refractory cases. Fear conditioning and extinction have been widely used to model PTSD (Milad and Quirk, 2012) . Fear learning can be achieved with classical auditory fear conditioning via coupling of an initial neutral auditory stimulus (the conditioned stimulus [CS]), with an aversive foot shock (the unconditioned stimulus [US] ). Although repetitive exposure to the CS in the absence of the US, a process called fear extinction, induces a progressive reduction of the fear response, fear memory cannot be easily modified or erased (Herry et al., 2010; Myers and Davis, 2007) . Extinguished fear responses can recover spontaneously with the passage of time (spontaneous recovery) or return when the CS is presented in a conditioned context (fear renewal).
Accumulating evidence suggests that inhibitory circuits in the amygdala play a key role in regulating the extinction of fear memory (Ehrlich et al., 2009; Gafford et al., 2012; Wolff et al., 2014) . In studies of PTSD patients, functional neuroimaging analysis reveals neuronal hyperactivity bilaterally in the amygdala (Etkin and Wager, 2007) . In rodent studies, chronic stress and fear conditioning cause amygdala hyperexcitability (Rosenkranz et al., 2010) and diminish g-aminobutyric acid (GABA)-mediated neurotransmission within the amygdala (Martijena et al., 2002) . In addition, several studies have demonstrated that fear extinction causes activation of amygdala inhibitory circuits. For example, both presynaptic and postsynaptic components regarding GABAergic transmission, including the GABA-synthesizing enzyme GAD67 and the GABA A receptor, exhibit upregulation after fear extinction training (Chhatwal et al., 2005; Heldt and Ressler, 2007) . A more detailed study indicates that fear extinction induces an increase in the number of perisomatic inhibitory synapses around principle neurons in the basolateral amygdala (Trouche et al., 2013) . Furthermore, inhibitory neurons in the amygdala are necessary for expressing fear extinction because genetic reduction of GAD67 disrupts extinction (Gafford et al., 2012; Heldt et al., 2012) . In adult rodents, direct enhancement of GABAergic transmission via the application of benzodiazepine into the amygdala occludes fear extinction (Hart et al., 2009) .
Compared with adults, juvenile rodents exhibit a lack of spontaneous recovery and fear renewal, suggesting the erasure of fear memory following extinction training has a temporary window at the early developmental stage, which is thought to be a critical period for the attenuation of fear recovery Richardson, 2007, 2010; Pattwell et al., 2012) . Interestingly, the closure of the critical period for the attenuation of fear recovery coincides with the formation of perineuronal nets (PNNs). Pharmacological degradation of PNNs around inhibitory neurons located in the amygdala leads to the decrease of fear recovery following extinction training (Gogolla et al., 2009; Karpova et al., 2011) . Notably, in the visual cortex, the progressive development of inhibitory neurons has been shown to regulate the critical period for ocular dominance plasticity (Huang et al., 1999) . Therefore, juvenescence of the inhibitory neurons may be a potential approach to modulate fear extinction in amygdala circuits.
The medial ganglionic eminences (MGEs) and lateral ganglionic eminences (LGEs) of the embryonic ventral telencephalon give rise to the majority of amygdala inhibitory neurons (Waclaw et al., 2010; Xu et al., 2008) . Transplantation of embryonic GABAergic interneurons into various brain regions, including the cortex and amygdala, has been shown to repair damaged neural circuits, suggesting a potential cell-based therapy (Southwell et al., 2014; Tyson and Anderson, 2014) . For example, MGE cells transplanted into the basolateral amygdala can rescue the hyperactivity deficit in adult epilepsy mice (Hunt et al., 2013) . Moreover, similar transplantation of GABAergic precursor cells into the amygdala has been shown to decrease anxiety-like behavior (Cunningham et al., 2009; Valente et al., 2013) . However, whether the fear response can be manipulated by interneuron transplantation in the amygdala remains largely unclear. Additionally, it has been shown that inhibitory precursor cell transplantation into the visual cortex can restore ocular dominance plasticity after a critical period and rescue impaired vision (Southwell et al., 2010; Davis et al., 2015) . Related to this, whether the adult amygdala can regain a similar developmental plasticity through inhibitory precursor cell transplantation is unknown.
In this study, we transplanted MGE cells into the amygdala of young adult fear-conditioned mice, and examined the impact of transplantation on fear behavior and the underlying mechanisms. We identified a critical period when transplanted MGE cells lead to a significant reduction in spontaneous recovery and fear renewal of fear-conditioned mice. Importantly, during the critical period, transplanted interneurons reactivated juvenile-like plasticity in the host amygdala. In particular, transplanted MGE cells actively modulate synaptic transmission and enhance synaptic plasticity of the host circuits, thus expanding the capacity of adult circuitry to modify the extinction memory.
RESULTS

Transplanted MGE Cells Differentiate into Inhibitory Interneurons
To examine the differentiation and function of MGE cells, we bilaterally transplanted MGE progenitors from embryonic day 13.5 (E13.5) GFP-positive (GFP + ) donor mice into the amygdala of 5-to 7-week-old mice ( Figures 1A and S1A , available online). Numerous GFP + cells were found primarily in the basolateral complex (BLA), including the lateral (LA) and basal (BA) nuclei, as well as the central amygdala (CeA), 42 days after transplantation (DAT) ( Figure 1B ). Transplanted MGE cells gathered around the transplant core and exhibited bipolar, migratory morphology at 7 DAT ( Figure S1B ). By 14 DAT, these cells migrated over 800 mm, with a distribution similar to those at 28 DAT (Figure S1C) , and displayed characteristic interneuron morphology ( Figures S5A1-S5H1 ), as previously reported (Washburn and Moises, 1992; Rainnie et al., 2006; Sosulina et al., 2010) , indicating that transplanted cells largely complete the migration at 14 DAT. Transplantation increased the overall interneuron population in the host amygdala by 15%-20% ( Figure S1F ), and the survival rate of transplanted MGE cells dropped from 12.8% ± 0.8% at 7 DAT to 9.8% ± 1.6% at 42-49 DAT ( Figure S1G ). We also transplanted cells from LGE or caudal ganglionic eminence (CGE) into the amygdala (Figures S1D and S1E). Whereas transplanted LGE cells remain mostly clustered at injection sites, transplanted CGE cells at 14 DAT showed a similar degree of migration and dispersion as transplanted MGE cells. Notably, transplanted MGE, CGE, and LGE cells undergoing cell death with expression of cleaved caspase-3 were mainly observed during 9-14 DAT ( Figure S1H ). In addition, the number of apoptotic CGE cells was comparable to that of apoptotic MGE cells at 14 DAT, indicating that transplanted CGE cells exhibit a similar level of cell loss as transplanted MGE cells at 14 DAT ( Figure S1I ). At 42-49 DAT, we found that transplanted interneurons expressed somatostatin (SOM), neuropeptide Y (NPY), parvalbumin (PV), calbindin (CB), or calretinin (CR) (Figures 1C and  1D ; Table S7 ). They did not affect the total host interneuron population ( Figure S1F ) or the density of host PV-positive (PV + ) or SOM-positive (SOM + ) interneurons in the amygdala (Figures  1E-1H; Tables S1 and S7 ). On the other hand, only a few cells developed into astrocytes (1.3% ± 0.07%, n = 3 mice). Together, these results demonstrate that transplanted MGE-derived cells progressively develop into a variety of characteristic interneuron subtypes in the host amygdala.
MGE Cell Transplantation into Amygdala Attenuates Fear Response after Fear Extinction
We then asked whether transplanted MGE cells could alter fear memory acquisition and extinction of the host mice. To this end, transplanted chimeric mice were exposed to classical fear conditioning training, followed by extinction training, over the next 2 days (Figure 2A ). Fear conditioning training was performed at different days after transplantation (i.e., different groups): 7, 14, 21, and 28 DAT. The mice transplanted with dead cells (freezethawed, dead MGE cells) in the amygdala served as the control. They were trained 14 days after the injection of dead cells (i.e., dead cells 14 DAT). In order to establish a stable fear memory phenotype, the fear trainings of the host mice were performed at roughly the same age, around 7-9 weeks old ( Figure S8A ).
All groups of the host mice exhibited similar freezing levels 24 hours after conditioning ( Figure 2D ; Tables S2 and S7), suggesting that transplantation does not affect fear acquisition. Furthermore, no significant alteration in the freezing level was observed during fear conditioning and extinction training (Figures 2B and 2C; Table S7) . Upon exposure to low electrical shock (0.3 and 0.5 mA, respectively), both live-cell-transplanted and deadcell-transplanted control mice showed a comparable fear response ( Figure S2 ; Table S7 ), indicating that transplantation did not affect fear learning. Tables S1 and S7 . See also Figure S1 and Table S1 .
Next, we compared spontaneous recovery and the renewal of extinguished fear responses in each group. Mice were reexposed to the CS in the extinction and conditioning contexts 7 days after the last extinction training (Figure 2A) . Interestingly, only the 14 DAT group exhibited a complete lack of spontaneous recovery and a significantly lower fear renewal in both contexts than did all the other transplanted groups, which showed normal spontaneous recovery and fear renewal as the control group ( Figure 2D ; Tables S2 and S7 ). The change of spontaneous recovery did not obviously correlate to the number of GFP + cells in BLA or in CEA ( Figure S3 ), indicating that the freezing level change is not absolutely coupled to the number of surviving transplanted cells. Furthermore, even though cued (CS-induced) fear behavior of the 14 DAT group was strongly attenuated compared to the other groups, contextual fear memory in this group was normal ( Figure 2D ; Tables S2 and S7), indicative of the unimpaired context discrimination and locomotor activity. Taken together, these results suggest that $2 weeks after transplantation is likely the critical period for effective fear erasure. We therefore focused on 14 DAT for further analyses.
MGE Cell Transplantation into the Amygdala after Fear Conditioning Facilitates Fear Erasure
An alternative possibility for a lack of spontaneous recovery and fear renewal in the 14 DAT mice could be that transplanted cells disrupt fear memory storage rather than facilitate memory extinction. To rule out this possibility, we investigated whether MGE cell transplantation decreases spontaneous recovery and fear renewal after fear conditioning. Mice were transplanted with either E13.5 freshly collected MGE cells (transplantation group) or freeze-thawed, dead MGE cells (control group) 24 hours after fear conditioning. Both groups were exposed to extinction training for 2 days starting at 14 days after transplantation, and then tested for spontaneous recovery and fear renewal 7 days later ( Figure 3A ). Although mice that underwent transplantation after fear conditioning did not exhibit significantly different freezing levels than those of the control on extinction day 1, they showed an accelerated reduction in freezing on extinction day 2 ( Figure 3B ; Table S7 ). Similar to the mice that underwent transplantation before fear conditioning, the post-conditioning transplantation group showed a complete lack of spontaneous recovery and a significantly lower fear renewal than did the dead cell control group, whereas both groups showed normal contextual fear behavior ( Figure 3C ; Tables S2 and S7) .
To rule out the possibility that transplantation might affect fear memory retrieval, we also tested the mice that underwent transplantation 1 day after fear conditioning but were not subjected to fear extinction training. We found that, compared with dead MGE cell recipients, live MGE cell-transplanted mice retained a stable fear memory without fear extinction training (no extinction group) ( Figure 3C ; Tables S2 and S7), suggesting that extinction training is necessary for transplantation-induced attenuation of fear recovery. Furthermore, we reconditioned the fear-extinguished mice with a new conditioned stimulus (white noise, CS2) in a different conditioning context (Figure S4A) . After the first set of fear conditioning and extinction training, the transplantation group showed a significant reduction of spontaneous recovery and fear renewal (Figures S4B and S4C; Tables S2 and S7) . Both groups were exposed to a second set of fear conditioning and extinction training 5 days after the first set of spontaneous recovery and fear renewal testing ( Figure S4A ). Although the freezing levels of live-cell-transplanted mice were significantly lower than those of dead cell recipients in the first two reconditioning trials, both groups exhibited comparable fear responses to the CS2 in the next three reconditioning trials and during the second set of extinction trainings ( Figure S4D ; Tables S2 and S7 ). Both groups were exposed to CS2 in different conditioning and extinction contexts, respectively, 7 days after the last trial of the second set of extinction trainings ( Figure S4A ). Both the live-cell-transplanted and dead-cell-transplanted groups showed a similarly high level of freezing ( Figure S4E ; Tables S2 and S7 ). These results suggest that transplanted mice are capable of forming a new fear memory and transplantation has no obvious effect on the extinction of reconditioned fear memory.
Notably, we also examined the effect of MGE cell transplantation on fear recovery after re-exposure to unsignaled footshocks (USs) (reinstatement; Figure 3A ). Mice were administered with LGE cells CGE cells Dead cells
Freezing (%)
F e a r A c q u is it io n F e a r E x t in c t io n S p o n t a n e o u s R e c o v e r y F e a r R e n e w a l (B) The freezing levels exhibited no significant difference between live-cell-transplanted mice and dead-cell-transplanted mice at day 1 of extinction training. However, transplantation mice showed significant accelerated fear extinction at day 2 of extinction training. (C) Dead cell group and live cell group exhibited similar levels of fear acquisition and extinction. The 14 DAT group showed a lack of spontaneous recovery and fear renewal after extinction training and fear renewal. In the absence of extinction training, however, both live-cell-transplanted and dead-cell-transplanted mice exhibited stable cued fear responses 23 days after conditioning. Both the dead-cell-transplanted group and live-celltransplanted group showed comparable freezing levels in extinction context and conditioning context, respectively, while exhibiting a normal contextual fear response for extinction context versus conditioning context. (D) The live-cell-transplanted mice showed a significantly lower level of reinstatement than did the dead-cell-transplanted mice. (E) The dead-cell-transplanted group showed a significantly higher spontaneous recovery than did the live-cell-transplanted group 4 weeks after extinction training, whereas no significant difference was observed in fear renewal. (F) No significant differences of freezing level were observed among the LGE, CGE, and dead-celltransplanted groups. Note that the dead cell behavioral data shown here are not the same data in (C)-(E). Error bars indicate mean ± SEM. *p < 0.05; ***p < 0.001; n.s. for p > 0.05. Detailed number, data, and statistical analyses are presented in Tables S2  and S7 . See also Figure S4 and Table S2. five USs 7 days after extinction training, and then tested for reinstatement of fear response the next day ( Figure 3A) . Fear reinstatement in live-cell-transplanted mice was significantly reduced compared to dead-cell recipients ( Figure 3D ), suggesting that interneuron transplantation attenuates the robust recovery of fear memory. In addition, we tested fear memory retention 28 days after the last trial of extinction training ( Figure 3A ). In the live-cell-transplanted group, spontaneous recovery was significantly attenuated, whereas fear renewal was not significantly different from the dead-cell-transplanted control group ( Figure 3E ; Tables S2 and S7), indicating that transplantation induces long-term attenuation of spontaneous fear recovery.
We also tested whether transplanted LGE or CGE cells were able to induce similar fear attenuation effects as transplanted MGE cells. We transplanted LGE or CGE cells into the amygdala after fear conditioning, as outlined in Figure 3A , and observed no significant difference on freezing levels compared to the deadcell-transplanted control group ( Figure 3F ; Tables S2 and S7) .
Taken together, these results demonstrate that transplanted MGE cells, but not LGE or CGE cells, facilitate fear memory erasure in conjunction with fear extinction training.
Immature MGE Cells Exhibit Hypersensitive Membrane Properties
We next proceeded to determine the electrophysiological development of transplanted GFP + neurons at different DAT using whole-cell patch-clamp recordings in BLA and CeA, respectively ( Figure 4A ). Recorded cells were filled with neurobiotin for post hoc analysis of the morphological properties ( Figure S5 ). All recorded 7 DAT cells (n = 8 cells from three mice) were able to produce sodium currents and immature action potentials (APs) ( Figure 4B ). As time proceeded, 14 DAT neurons showed relatively mature action potential properties and morphologies ( Figures 4C and S5 ). In comparison, 28 DAT neurons exhibited mature electrophysiological phenotypes and morphologies ( Figures 4D and S5 ). Based on the firing patterns, we observed four main subgroups of transplanted interneurons, with a similar proportion in BLA and CeA at 28 DAT: fast spiking (13% in BLA and 7% in CeA), regular spiking nonpyramidal interneurons (52% in BLA and 53% in CeA), late spiking (16% in BLA and 23% in CeA), and burst spiking (19% in BLA and 17% in CeA) ( Figure 4E ). Interestingly, the input resistance (R in ) of 14 DAT neurons in BLA and CeA exhibited a bimodal distribution, indicating a transitional developmental state of 14 DAT neurons (n = 32 in BLA and n = 27 in CeA; Figure 4F , left panel). On the other hand, R in of 28 DAT neurons exhibited a unimodal distribution (n = 36 in BLA and n = 30 in CeA; Figure 4F , right panel), and was significantly lower than that of 14 DAT neurons ( Figure 4K ; Tables S3  and S7) . Moreover, the current threshold (i.e., the minimal current required to elicit an AP) of 14 DAT neurons was significantly lower than that of 28 DAT neurons ( Figure 4G ; Table S7 ). These results suggest that transplanted embryonic MGE cells progressively differentiate into characteristic interneurons in the host amygdala. Moreover, 14 DAT neurons exhibit hypersensitive membrane properties and fire more readily in response to current injection than do 28 DAT neurons.
Transplanted MGE Cells Exhibit Similar Developmental Progression as Native Amygdala Interneurons
We further compared the electrophysiological properties of the transplanted and native inhibitory interneurons in both BLA and CeA at comparable cellular ages (i.e., 13-15 DAT and 27 to 28 DAT are equivalent to postnatal day [P]7-P9 and P20-P21, respectively) ( Figure 4A ). We examined the electrophysiological properties of native amygdala inhibitory interneurons in Gad67-GFP mice (Tamamaki et al., 2003) (Figure 4A ). We found that the AP threshold, AP width, R in , and resting membrane potential (RMP) of transplanted interneurons and native interneurons progressively changed from 13-15 DAT to 27-28 DAT and from P7-P9 to P20-P21, respectively (Figures 4I-4L ; Tables S3 and S7) . Notably, we did not detect any significant difference between 13-15 DAT interneurons and P7-P9 native interneurons (Figures  4H-4L; Tables S3 and S7 ). Similar observations were made for 27 to 28 DAT interneurons and P20-P21 native interneurons Tables S3 and S7) , with the exception that the AP threshold of 27 to 28 DAT interneurons was more hyperpolarized than that of P20-P21 native interneurons ( Figure 4I ; Tables S3 and S7), indicating that the electrophysiological maturation of transplanted interneurons was slightly accelerated in the host amygdala. These results suggest that transplanted interneurons exhibit largely similar developmental progresses in differentiation and maturation as native interneurons in the amygdala.
Transplanted MGE Cells Develop Reciprocal Synaptic Connections with Host Amygdala Neurons
To determine whether transplanted MGE cells functionally integrate into the host amygdala, we performed whole-cell patchclamp recordings of the GFP + MGE cells at different DAT and examined their miniature postsynaptic currents (mPSCs). Based on current knowledge of the overall function and architecture of BLA and CeA microcircuits (Duvarci and Pare, 2014; Janak and Tye, 2015) , we focused on circuitry characterization in BLA. We recorded miniature excitatory postsynaptic currents (mEPSCs)/miniature inhibitory postsynaptic currents (mIPSCs) from transplanted interneurons in BLA at different DAT (Figure S6A) , and compared them with native interneurons at a similar cellular age ( Figure S6B) . Notably, 7 DAT interneurons exhibited an extremely low frequency of mEPSCs and mIPSCs (Figures 5A and 5C ; Table S4 ). Moreover, the frequencies of mEPSCs of 13-15 DAT interneurons were significantly lower than those of 27-29 DAT interneurons (Figures 5A and 5C ; Tables S4 and S7). Similar trends were observed between P7-P9 and P20-P23 native interneurons (Figures 5A and 5C ; Tables S4 and S7 ). There were no significant differences in the frequency of mIPSCs between 13-15 DAT interneurons and P7-P9 native interneurons or between 27-29 DAT interneurons and P20-P23 native interneurons ( Figure 5C ; Table S7 ). These results suggest that transplanted interneurons receive a comparable level of inhibitory synaptic inputs as native interneurons at a similar age. In contrast, although the frequency of mEPSCs of 27-29 DAT interneurons was similar to that of P20-P23 native interneurons, the frequency of mEPSCs of 13-15 DAT neurons was significantly higher than that of P7-P9 native interneurons ( Figure 5A ; Table S7 ). These results suggest that 14 DAT neurons received more excitatory synaptic inputs than did native interneurons at a similar age. There were no significant differences in the amplitudes of mEPSCs and mIPSCs among all the experimental groups (Figures 5B and 5D ; Tables S4 and S7) .
To directly assess whether transplanted interneurons form synaptic connections with host neurons, we performed dual Error bars indicate mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; n.s. for p > 0.05. Detailed number, data, and statistical analyses are presented in Tables S3  and S7 . See also Figure S5 and Table S3 . Tables S4 and S7 .
(legend continued on next page) pyramidal-shaped large soma and a thick primary dendrite decorated with spines, as well as the firing properties ( Figures  S7A-S7G ), as previously reported (Padival et al., 2013; Yoshida et al., 2011 Figure 5K ) and a combination of the N-methyl-D-aspartate (NMDA) receptor antagonist D-AP5 (50 mM) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor antagonist NBQX (50 mM) (Figure 5L ), respectively. Of 12 recorded pairs between 7 and 8 DAT neurons and host excitatory neurons, none formed synaptic connections with each other ( Figure 5M ). However, we found $26.8% (15 out of 56) of 13-15 DAT neurons formed synapses onto host excitatory neurons ( Figure 5M ) and $30.4% (17 out of 56) of 13-15 DAT neurons received synaptic inputs from host excitatory neurons ( Figure 5M ). Likewise, 27 to 28 DAT neurons had a similar rate of forming inhibitory synapses onto host excitatory neurons ($29.8%, 14 out of 47; Figure 5M ) or receiving excitatory synapses from host excitatory neurons ($27.7%, 13 out of 47; Figure 5M ). Interestingly, compared to IN Native -EN Native pairs, transplanted neurons were three times more likely to form inhibitory synapses onto host excitatory neurons and were also three times more likely to receive excitatory synapses from host excitatory neurons ( Figure 5M ; Tables S5 and S7 ). On the other hand, the amplitudes of uIPSCs and uEPSCs of IN Trans -EN Host pairs were significantly lower than those of IN Native -EN Native pairs (Figure 5N ; Tables S5 and S7 ). These results suggest that both the 14 DAT and 28 DAT interneurons form numerous relatively weak synaptic connections with neighboring host excitatory neurons. The effective synaptic integration of transplanted interneurons with host neurons indicates that transplanted interneurons significantly contribute to inhibitory circuits and may induce plasticity in the host amygdala.
MGE Cell Transplantation Disrupts Perineuronal Net Formation
Previous studies showed that the PNN plays a critical role in neuronal plasticity in the CNS (Pizzorusso et al., 2002; Gogolla et al., 2009; Hylin et al., 2013; Romberg et al., 2013) . PNNs develop in the pups' amygdala as they acquire the ability to learn and extinguish fear (Gogolla et al., 2009) . Moreover, PNN disruption in the adult amygdala reactivates developmentallike plasticity, leading to fear erasure after extinction (Gogolla et al., 2009; Karpova et al., 2011) . We therefore assessed whether PNN disruption contributes to the ability of 14 DAT neurons to eliminate fear recovery. We compared the density of PNN + cells in the BLA of 14 DAT mice, 28 DAT mice, or nontransplanted control mice at P21 and P49 ( Figure 6A ). We found that there was no obvious difference in the density of PNN + cells between P49 control mice and MGE 28 DAT mice. However, the density of PNN + cells in MGE 14 DAT mice was significantly lower than that of P49 control or MGE 28 DAT mice ( Figure 6B ; Tables S6 and S7 Figure 6E ; Tables S6   and S7 ). Although we observed very few MGE 28 DAT interneurons possessed PNN ( Figure 6A, inset) , none of the MGE 14 DAT neurons expressed PNN, indicating that transplanted interneurons likely develop PNNs progressively as native interneurons. Tables S5  and S7 . See also Figures S6 and S7 and Tables S4 and S5 .
A B C D E (legend on next page)
Taken together, these results suggest that MGE 14 DAT neurons, but not MGE 28 DAT neurons, reduce PNN expression and convert host PNN + neurons in BLA toward a juvenile stage, which may reactivate juvenile-like plasticity in the young adult amygdala.
MGE Cell Transplantation Induced Plasticity and Modulated Synaptic Transmission
We then examined synaptic plasticity in the adult amygdala after MGE cell transplantation. Previous studies showed that BA receives inputs from LA (LA-BA inputs) (Pitk€ anen et al., 1997) , and that LA-BA inputs participate in the modification of fear retention (Anglada-Figueroa and Quirk, 2005) and extinguish Repa et al., 2001) . To examine the effect of MGE cell transplantation on synaptic plasticity in the amygdala, we compared long-term potentiation (LTP) at LA-BA inputs in acute slices prepared from live-cell-transplanted mice (14 DAT, n = 6 slices from six mice; 28 DAT, n = 3 slices from three mice) and dead-cell-transplanted control mice (dead cells 14 DAT, n = 3 slices from three mice). Field excitatory postsynaptic potentials (fEPSPs) in BA were recorded in response to the stimulation of LA ( Figure 7A ). Although the amplitude and slope of fEPSPs at 40 min after tetanization did not significantly change compared with the baseline level in both control mice or 28 DAT mice, the amplitude and slope of fEPSPs substantially increased in 14 DAT mice after stimulation (Figures 7B-7D) . These results suggest that transplanted MGE cells at 14 DAT, but not 28 DAT, induce LA-BA synaptic plasticity in the young adult host amygdala.
We next examined whether MGE interneuron transplantation modulates excitatory and inhibitory synaptic transmissions of the host circuits. We prepared acute brain slices from mice at different DAT and dead cell control, and performed whole-cell patch-clamp recordings on BLA host excitatory neurons with transplanted GFP + neurons in the vicinity (Figure 8A ) to analyze mEPSCs and mIPSCs ( Figure 8B ). There were no significant changes in mEPSC frequency among 13-15 DAT, 27 to 28 DAT, or the dead-cell-transplanted control group ( Figure 8C ; Tables S4 and S7 ). On the other hand, although the 13-15 DAT group exhibited a comparable mIPSC frequency as the control group, the 27 to 28 DAT group showed a significantly higher mIPSC frequency than the 13-15 DAT or control groups (Figure 8D ; Tables S4 and S7 ). Both mIPSC and mEPSC amplitudes in the 13-15 DAT and 27 to 28 DAT groups were significantly larger than those in the control group (Figures 8E and 8F ; Tables  S4 and S7 ). Moreover, transplantation did not change the AP amplitude and threshold of host excitatory neurons (Figures  S7H and S7I; Table S7 ). Together, these results suggest that Error bars indicate mean ± SEM. n.s., p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001. Detailed number, data, and statistical analyses are presented in Tables S6  and S7 . See also Error bars indicate mean ± SEM. *p < 0.05. Detailed number, data, and statistical analyses are presented in Table S7 .
MGE cell transplantation modulate excitatory and inhibitory synaptic transmissions of host neurons, which may contribute to the enhanced synaptic plasticity (Lin et al., 2013; Shaban et al., 2006) . Previous study suggested that the developmental changes of short-term plasticity may influence the activity of neuronal networks (Pouzat and Hestrin, 1997) . To assess short-term synaptic plasticity between transplanted interneurons and host excitatory neurons, we first identified synaptically coupled IN trans -EN host pairs ( Figures 8G and 8I) . We then triggered trains of APs at 20 Hz in the presynaptic neuron, which evoked a depressed series of uEPSCs from host excitatory neurons to transplanted neurons ( Figure 8G ) or uIPSCs from transplanted neurons to host excitatory neurons ( Figure 8I ). Although the progressive depression of uEPSCs among 14 DAT pairs, 28 DAT pairs, and control pairs (P49-P55) was similar ( Figure 8H ; Table S7), the progressive depression of uIPSCs was significantly accelerated in 14 DAT pairs compared to 28 DAT pairs or control pairs Tables S4 and S7 . See also Figure S7 .
( Figure 8J ). These results suggest that 14 DAT MGE interneurons exert a stronger short-term plasticity for host excitatory neurons than do 28 DAT interneurons or native interneurons in the young adult amygdala.
DISCUSSION
In this study, we transplanted MGE cells from E13.5 mice into the amygdala of P28-P49 mice and tested whether transplanted cells differentiate into functional GABAergic interneurons, synaptically integrate into amygdala circuitry, and modify fear behavior of host mice. Although previous studies have shown that MGE cells transplanted into the amygdala decrease anxiety-like behavior (Hunt et al., 2013; Valente et al., 2013) , our results demonstrate that fear memory erasure is facilitated by transplanted immature interneurons. The effects of transplanted interneurons on the fear behavior of host mice display several distinct features. First, transplanted interneurons do not alter host fear memory formation. Second, fear extinction training is essential for transplanted immature interneurons to attenuate fear recovery and renewal ( Figure 3C ). Third, both in mice receiving transplantation before and after fear conditioning, extinction training can attenuate fear recovery and renewal. Interestingly, a previous study showed that enzymatic degradation of PNNs in the BLA of adult mice re-enables the erasure of conditioned fear memories by extinction training, but this only occurs if PNNs are degraded before fear conditioning (Gogolla et al., 2009) . It is conceivable that immature MGE interneuron transplantation not only degrades PNNs (Figure 6 ), but also provides additional immature inhibitory GABAergic interneurons that actively modulate the host amygdala circuits. This is consistent with the notion that extinction learning may result in the strengthening of GABAergic synaptic transmission in the BLA (Herry et al., 2010) . Fourth, transplanted immature interneurons significantly reduce fear reinstatement ( Figure 3D ), indicating that transplanted immature interneurons attenuate robust recovery of fear memory. Lastly, transplanted immature interneurons induce long-lasting attenuation of fear recovery ( Figure 3E ). Together, our data suggest that MGE cell transplantation could potentially serve as a cell-based therapeutic approach in preventing the development of extinction-resistant pathological fear and anxiety.
Previous studies showed that, although interneurons in the amygdala are mainly derived from the MGE, the CGE and LGE also provide a fraction of amygdala interneurons (Waclaw et al., 2010) . However, we found that only transplanted MGE cells, but not LGE or CGE cells, significantly attenuate fear recovery, suggesting that interneurons derived from distinct progenitor domains contribute differently to the amygdala fear circuits. Notably, transplanted LGE cells do not migrate as effectively as transplanted MGE or CGE cells. A recent study showed that transplanted CGE cells, despite migrating, integrating, and forming synaptic connections with host neurons in the adult visual cortex, fail to induce ocular dominance plasticity (Larimer et al., 2016) . Similarly, although transplanted CGE cells distribute as broadly as transplanted MGE cells and exhibit a similar level of cell loss in a similar time course to transplanted MGE cells in host amygdala, transplanted CGE cells do not facilitate fear erasure. These results not only demonstrate MGE cells play a unique role in transplant-induced plasticity, but also suggest that the behavioral effect is unlikely linked to cell death. Moreover, given that different types of transplanted interneurons substantially disperse in the subnuclei of amygdala (including BLA, CeA, etc.), the exact subtype(s) of transplanted interneurons and the exact subregion(s) of transplanted cells in the amygdala responsible for the behavioral effects remain to be determined.
Furthermore, we observed transplanted interneurons exhibit largely similar electrophysiological properties to native interneurons at a comparable cellular age (e.g., 13-15 DAT and P7-P9), indicating that the development of interneurons is largely regulated by intrinsic mechanisms. Of note, during the course of development, GABA released by GABAergic interneurons can be excitatory to ''immature'' postsynaptic neurons due to the high level of NKCC1 expression in postsynaptic neurons (Ehrlich et al., 2013) . However, given that the host neurons in our study are all mature neurons, we speculate that the synaptic effect of transplanted interneurons is predominantly inhibitory to the host neurons.
Interestingly, we found that 14 DAT neurons exhibit distinct intrinsic membrane properties compared to relatively mature 28 DAT neurons. First, 14 DAT neurons display a significantly higher degree of heterogeneity in the membrane properties, likely reflecting a mixture of immature and relatively mature neurons. Maturation of neuronal diversity has been postulated to shape the emergence of proper network functions (Cossart, 2011) . Therefore, the developmental heterogeneity of 14 DAT neurons might be a possible reason underlying the observed robust plasticity of host circuits. Second, 14 DAT neurons exhibit a lower current threshold for the induction of action potentials than do 28 DAT neurons, indicating that 14 DAT neurons possess relatively hypersensitive membrane properties and fire more easily in response to somatic current injections than do 28 DAT neurons. Similarly, in the adult hippocampus, adult-born immature granule cells (GCs) exhibit an increased intrinsic excitability and plasticity that contribute to experience-dependent plasticity in the mature circuits (Schmidt-Hieber et al., 2004) . Therefore, on the basis of our results and previous studies, we suggest that transplanted immature neurons have intrinsic membrane properties that allow them to induce stronger synaptic and network plasticity than transplanted or endogenous mature neurons, which are likely critical for behavioral effects.
Surprisingly, we detected synaptic inputs on transplanted MGE cells as early as 7 DAT. In the adult CNS, the timing of synaptic integration of transplanted cells into host circuits and induction of functional plasticity is less clear. For example, transplanted immature neurons ($2 weeks) in the adult mouse spinal cord functionally integrate into host circuits and completely reverse the mechanical hypersensitivity produced by peripheral nerve injury (Brá z et al., 2012) . Moreover, functional synapse formation can be observed on adult-born neurons in the olfactory bulb within 1 week after being marked in the rostral migratory stream (Panzanelli et al., 2009) . Our data show that 7 DAT neurons in the amygdala display a low frequency of mEPSCs and mIPSCs, whereas the frequency of mEPSCs/mIPSCs of 14 DAT neurons is significantly increased. Moreover, using dual whole-cell patch-clamp recordings, we directly demonstrated that 14 DAT neurons develop numerous inhibitory synaptic connections onto host neurons and also receive synaptic inputs from host neurons. Together, these results suggest that transplanted interneurons can effectively integrate into the host circuits at a relatively immature stage (e.g., $2 weeks after transplantation).
What might be the mechanism by which transplanted immature neurons induce developmental plasticity and modulate the extinction behavior of host mice? Our data suggest that transplanted immature interneurons reactivate juvenile-like plasticity in the mature amygdala. The evidence supporting this is that 14 DAT, but not 28 DAT, MGE interneurons significantly reduce PNN expression in the host amygdala. Moreover, the expression of PNNs in MGE 14 DAT mice is similar to that in control mice at P21, coinciding with the critical period when mice exhibit a lack of spontaneous recovery and fear renewal. It is known that PV is not reliably expressed by interneurons until the second to third postnatal week, and the fraction of PV + interneurons expressing PV significantly increases during P14-P21 (Mukhopadhyay et al., 2009) . Therefore, in order to reliably analyze the percentage of PNN + cells that express PV, we examined control mice at P21
(still within the critical period) (Gogolla et al., 2009; Pattwell et al., 2012) . In addition, we observed a significant reduction in PNN expression on PV À neurons in the host amygdala. Importantly, neither LGE nor CGE cell transplantation affect PNN expression in the host amygdala. It is worth noting that the cellular age of transplanted inhibitory interneurons inducing plasticity (14 DAT, equivalent to P7) in the P49 host amygdala is younger than that of native inhibitory neurons during the normal developmental critical period (P16-P23) (Kim and Richardson, 2007; Pattwell et al., 2012) . In comparison, ocular dominance plasticity induced by transplanted MGE cells is only observed when transplanted neurons are of a cellular age equivalent to that of native interneurons at the peak of the critical period (Davis et al., 2015; Southwell et al., 2010) . Although the discrepancy may be explained by the difference of the age when host mice receive transplantation between this study and the visual cortex transplantation studies, our results suggest that the critical period induced by transplanted MGE cells is likely determined not merely by the cellular age of transplanted neurons, but also by the juvenile condition of host circuits (e.g., synaptic connectivity and plasticity). Likely related to the changes in PNN expression, we also found that transplanted immature neurons enhance synaptic plasticity of the host circuits. LTP of LA-BA input is only observed in MGE 14 DAT mice, but not in dead-cell-transplanted control or MGE 28 DAT mice. These results are consistent with the notion that local GABAergic interneurons gate the induction of LTP in the amygdala, as previously suggested (Bazelot et al., 2015) . In addition, the amplitudes of mEPSCs/mIPSCs of endogenous neurons in MGE 14 DAT mice are significantly increased compared to those of control mice, which may further lead to enhanced synaptic plasticity of host circuits (Shaban et al., 2006) . In comparison, although endogenous neurons in MGE 28 DAT mice exhibit similar amplitudes of mEPSCs/mIPSCs to those in MGE 14 DAT mice, the frequency of mIPSCs is also substantially increased in MGE 28 DAT but not in MGE 14 DAT mice.
The temporal increase of inhibitory synaptic transmission may hamper synaptic plasticity in MGE 28 DAT mice. Moreover, the inhibitory synaptic connections from transplanted neurons to host neurons show a significantly stronger short-term depression in MGE 14 DAT mice than that in MGE 28 DAT mice or P49-P55 control mice. Together, these results suggest that transplanted MGE cells may represent a developmental process that rejuvenates the mature circuits by offering an expanded capacity of plasticity in response to facilitation of extinction memory. Immunohistochemistry Coronal brain sections were obtained at 60 mm on a vibratome from anesthetized and paraformaldehyde (PFA) transcardially perfused mice, followed by the primary antibodies and the second antibodies incubation. See Supplemental Experimental Procedures for detailed antibodies information and methods.
Acute Brain Slice Preparation and Electrophysiology
Acute coronal brain slices (300-350 mm) were obtained from transplanted or control mice on Compresstome Vf-300 microtome (Precision Instruments), with a modified protective slicing and recovery method (see Supplemental Experimental Procedures). Extracellular field recordings were made with glass recording electrodes (1 to 2 MU) filled with recording ACSF. Whole-cell recordings were made with recording electrodes (5-10 MU). See Supplemental Experimental Procedures for detailed methods.
Statistical Analysis
Data are reported as mean ± SEM unless otherwise indicated. Statistical significance was assessed at p < 0.05. All statistical analyses were performed using SigmaPlot (Systat Software) or R version 3.1.0. For the dataset passing Shapiro-Wilk normality test, paired/unpaired two-tailed t test or one/two-way ANOVA was applied; otherwise, Kruskal-Wallis one-way ANOVA was applied. See Supplemental Experimental Procedures for detailed methods. 
